This paper presents an experimental study of the compression behavior of a typical warp-knitted spacer fabric which is specially developed as a cushioning material for human body protection. The fabric has a highly heterogeneous and discontinuous structure and exhibits a complicated compression behavior. Different test boundary conditions and sample sizes were first adopted to conduct compression tests of the fabric. Then, the compression behavior of the fabric was analyzed based on its compression load-displacement curve obtained under a selected test condition. The potential compression mechanism of the fabric was identified with support of the image analysis of the fabric structure at different compression stages. The study provides some useful information for designing warp-knitted spacer fabrics for impact protection.
INTRODUCTION
Warp-knitted spacer fabric is a novel kind of threedimensional textile structure consisting of two separate outer fabric layers which are joined together but kept apart by spacer yarns [1] . Recently, this kind of fabric has been proposed as cushioning material for human body protection due to the good compressibility, high moisture conductivity and excellent thermoregulation capability [2, 3] . The compression property is one of the most important of conventional fabric's basic mechanical properties, and is closely related to fabric handle [4] . Different from conventional fabrics, the compression behavior is vital to the cushioning performance of a warpknitted spacer fabric. The previous studies showed that the overall compression load-displacement relationship of a warp-knitted spacer fabric could be engineered to have three main stages, i.e., linear elasticity, plateau and densification [2, [5] [6] [7] . This is a typical behavior required by a cushioning material to dissipate the kinetic energy of the impacting mass while keeping the maximum load below some limit [8] . However, the effects of test conditions on the results were not considered in those studies, and a suitable method for simultaneously observing the deformation of spacer yarns within the fabric during the overall compression process is still lacking [2, 5, 6] . As a consequence, no well accepted interpretation is provided for a reasonable understanding of the deformation mechanism and structure-property relationships of warp-knitted spacer fabrics in compression.
As a warp-knitted spacer fabric has a highly heterogeneous and discontinuous structure, its compression behavior can be affected by different test boundary conditions and sample sizes. There is no recognized test standard specially developed for testing the compression behavior of warp-knitted spacer fabrics. A literature review shows that different test methods were adopted by different researchers in their investigations. For instance, Ye et al. conducted the compression tests of spacer fabrics for car seats by using a contact area of 10 cm 2 at a speed of 10 mm/min without indication of sample sizes [6] . Mecit and Roye tested the compression properties of spacer fabrics for concrete applications by using three different contact areas (10, 20 and 25 cm 2 ), and three different sample sizes in both circular and square shapes (100, 300 and 450 cm 2 ) with and without stabilization of samples at two different compression speeds (10 and 100 mm/min) [9] . Their study demonstrated that the compression speed, sample size and contact area did not have significant influences on the test results. However, this conclusion is only valid for the spacer fabrics for concrete applications. In such a kind of fabric, the outer layers are grid nets, and the contacts between spacer yarns and outer layers as well as the contacts among spacer yarns are not evident due to the low areal density of outer layers. In addition, this kind of spacer fabric also has a symmetric structure in both the through-thickness and in-plane directions. Therefore, evident effects of test boundary condition and sample size cannot be observed. However, the warp-knitted spacer fabrics designed for cushioning http://www.jeffjournal.org Volume 9, Issue 2 -2014 applications are different from this kind of spacer fabric. Our previous study has indicated that they have more complicated compression behavior due to different deformation modes during compression tests, such as postbuckling, shear, rotation, and contacts of spacer monofilaments among themselves and with the outer layers [2] . These complicated deformation modes can lead to an unstable compression behavior of the fabrics when the sample size is below some limit. In this regard, including the effects of the test boundary condition and sample size in the analysis of the compression behavior of the spacer fabric is very important.
Therefore, the main objective of this study is firstly to investigate how a typical warp-knitted spacer fabric for cushioning applications behaves when tested with different compression test boundary conditions and sample sizes. From here, the potential compression mechanism of the fabric is identified based on the analyses of both the compression loaddisplacement curve obtained under a selected test condition and the cross-sectional pictures of the fabric taken at different compression stages. It is expected that such a study can provide some useful information for designing warp-knitted spacer fabrics for impact protection.
EXPERIMENTAL WORK Spacer Fabric
The warp-knitted spacer fabric used in this study was knitted with a typical structure on a GE296 high speed double-needle bar Raschel machine equipped with six yarn guide bars (GB) built by Wuyang Warp Knitting Machine Limited in China. The machine gauge was E18. While a 300D/96F polyester multifilament was used to create the binding of the structure in the knitting process through GB1, GB2 for the top outer layer and GB5, GB6 for the bottom outer layer, a polyester monofilament of 0.2 mm in diameter was used as spacer yarns to connect the two outer layers together through GB3 and GB4. The chain notation and materials used for each yarn guide bar are listed in Table I . The thickness of the fabric measured via a digital thickness tester (SDL Atlas M034e) and other structural parameters are listed in Table II .
The pictures of the finished fabric taken from various directions are shown in Figure 1 . From Figure 1(a) and (b), it can be seen that the spacer fabric consists of two separate outer fabric layers which are linked together by a layer of spacer monofilaments. Figure  1 (a) also shows that there are two types of spacer monofilaments, i.e., vertical and inclined spacer monofilaments.
Meanwhile, the spacer monofilaments are knitted into the outer fabric layers to form the monofilament stitches simultaneously with multifilaments. The outer surface and internal surface are shown in Figure 1 (c) and (d), respectively. It can be seen not only that the monofilament stitches are covered by the multifilament stitches ( Figure  1(c) ), but also that the spacer monofilaments are wrapped by the fluffy multifilament stitches and voids are formed in the outer fabric structure ( Figure  1(d) 
Compression Tests
As mentioned above, boundary condition and sample size are two important factors which can affect the compression test results of a warp-knitted spacer fabric due to the highly heterogeneous and discontinuous structure.
To analyze the effect of boundary condition, two cases, i.e., gluing or not gluing a fabric sample to the surfaces of two compression platens, were considered. In the first case, a spacer fabric sample was simply put on the fixed compression platen without gluing it to the compression platens. In this case, shear may occur due to possible slippage between the fabric sample and the compression platens if the fabric structure is not sufficiently symmetrical. In the second case, two outer fabric layers were glued to the surfaces of the two compression platens. Since the inplane movement of the two outer layers of the fabric was constrained, only the vertical displacement was allowed.
To analyze the effect of fabric sample size, it should be noted that a spacer fabric has a highly anisotropic structure and different mechanical behavior in different directions. The different size ratios between the walewise and coursewise directions can cause different compression behavior of the fabric. In addition, the spacer monofilaments in the fabric can contact one another during compression. Since these contacting points depend on the fabric size, different fabric sample sizes will also lead to different compression test results of the fabric. In view of these facts, different spacer fabric samples in rectangular shapes with different lengths and widths http://www.jeffjournal.org Volume 9, Issue 2 -2014 were selected in this work. As shown in Figure 1 , the length and width of a sample are defined as the length of the fabric in the walewise direction and the width of the fabric in the coursewise direction, respectively. Two cases were considered: (i) keeping the width constant and changing the length, and (ii) keeping the length constant and changing the width. Five values, i.e., 2, 4, 6, 8 and 10 cm, were selected for each direction. Therefore, 25 samples in total with different lengths and widths were used for compression tests. As shown in Figure 2 , the compression tests were conducted on an Instron 5566 Universal Testing Machine set up with two compression circular platens of 15 cm in diameter according to the modified Standard Test Methods for Rubber Properties in Compression ASTM D 575. The tests were carried out at a speed of 12 mm/min up to a deformation of 80% to the initial thickness of the fabric in an environment of 20 °C and 65% relative humidity.
For comparing the boundary effect, only the samples in a size of 10 cm × 10 cm were used. The samples were tested under two test conditions, i.e., either the samples were glued or not glued to the surfaces of the two compression platens by using double-side adhesives. For comparing the sample size effect, the samples were not glued to the compression platens. Five tests were carried out for each size of a fabric sample with the same boundary condition.
RESULTS AND DISCUSSION Effect of Test Boundary Condition
The compression stress-strain curves of the spacer fabric tested with two test boundary conditions under which two outer layers of the fabric were glued or not glued to the surfaces of the compression platens are shown in Figure 3(a) and (b) , respectively. It can be seen that the overall trends of the stressstrain curves under the two conditions are similar. The only difference in the stress-strain curves between the two boundary conditions is that the curves of the samples not glued to the platens have some slight fluctuations in the plateau stage, especially at the end of the plateau stage. The reason is that different boundary conditions can result in different actions of the fabric outer layers on the spacer monofilaments. When a fabric sample was simply placed on the smooth platens without gluing it to them, the highly buckled spacer monofilaments in the plateau stage can more easily cause the deformation and slippage of the multifilament stitches in the outer layers, leading to the change of the constraints provided by the outer layers to the spacer monofilaments. As a result, the fluctuations of the stress-strain curves were produced in the plateau stage due to the loss of structural stability. By contrast, in the case where the fabric samples were glued to the surfaces of the two compression platens, the multifilament stitches within the outer layers were not easy to deform and slip during the compression tests. As the constraints on the spacer monofilaments provided by the multifilament stitches cannot suddenly change, the stress-strain curves became smoother and more consistent. These results indicate that the different boundary conditions can affect the compression behavior of a warp-knitted spacer fabric to some extent.
According to the requirement for a cushioning material, the amount of the energy absorbed before reaching the densification stage and the stress level in the plateau stage, are two key parameters needed to be optimized for a warp-knitted spacer fabric to meet such a requirement. Although the slight stress fluctuations can be produced in the stress-strain curves when the samples are not fixed with the compression platens, these fluctuations cannot significantly affect the cushioning performance of the fabric. It should be noted that spacer fabrics for impact protection are normally integrated or inserted into protective clothing or equipment for protecting human body against impact. Considering the outer layers of the spacer fabric enclosed in an impact protector cannot be securely constrained, the test condition under which a fabric is simply placed on the compression platens is closer to a real boundary condition of a spacer fabric in use. Since this boundary condition also makes compression tests easier to be carried out, it was adopted to test fabric samples with different sizes in this study. 
Effect of Sample Size
To investigate the sample size effect, 25 samples with different lengths and widths were tested under the test condition not gluing them to the compression platens. According to the European Standard EN ISO 3386 "Flexible cellular polymeric materialsDetermination of stress-strain characteristics in compression", the compression stress-strain characteristic (CC) expressed in kilopascals, at a specified strain, can be given by Eq. (1):
where CC xx is the compression stress-strain characteristic at a strain xx; F is the force, in newtons, at the specified strain; A is the area, in square millimeters, of the tested sample. Stresses are usually quoted at compressions of (25 ± 1) %, (40 ± 1) %, (50 ± 1) % and (65 ± 1) %, being designated CC 25 , CC 40 , CC 50 and CC 65 , respectively. Herein, CC 25 is appropriate to represent the plateau stress of the spacer fabric (Figure 3) , and thus was used as an indicator for evaluating the effect of the sample size on the compression stress-strain characteristic of the spacer fabric. It should be noted that the plateau stress is a key factor to select or design a cushioning material for a specific application [2] . The test results for the effects of the sample length and the sample width are presented in Figure 4 and Figure 5 , respectively. From Figure 4 , it can be seen that for a given sample width, the plateau stress of the fabric increases as the sample length increases. This means that the sample length has a significant effect on the test results of the fabric. From Figure 5 , it can be observed that for a given sample length, the plateau stress of the fabric first increases and then decreases as the sample width increases. However, when the fabric length reaches 10 cm, the effect of the sample width is no longer obviously observed. http://www.jeffjournal.
org Volume 9, Issue 2 -2014
These findings indicate that the effect of the sample length along the walewise direction on the test results is more significant than that of the sample width along the coursewise direction.
This phenomenon can be explained by analyzing the arrangements of spacer monofilaments in the fabric structure. As shown in Figure 1(b) , all the spacer monofilaments have curved forms along the length direction (walewise). Due to the asymmetric geometric arrangement of the spacer monofilaments, shear between the two outer layers along the walewise direction can be easier to occur when the sample length is small. As the increase of the sample length can decrease the shear occurrence during compression, the compression stress in the plateau stage is increased as the sample length increases. Differently, as shown in Figure 1(a) , the geometric arrangement of spacer monofilaments in the width direction (coursewise) is more symmetrical than that in the length direction (walewise), because the spacer monofilaments are in vertical and symmetrically arranged in two inclined directions. This arrangement makes the spacer fabric more stable and shear between the two outer fabric layers along the width direction cannot easily occur. The above analysis indicates that the compression results of the fabric when tested with a relatively smaller sample length are not stable and cannot be used to properly represent the compression behavior of the fabric. The curves in Figure 5 show that the samples with a length of 10 cm can bring more stable test results regardless of their widths. Therefore, the compression load-displacement curve of the fabric sample in a size of 10 cm × 10 cm is selected to further analyze the compression deformation mechanism of the fabric, together with an analysis of the pictures of the fabric structure taken at different compression stages.
Compression Deformation Mechanism
The compression deformation mechanism is very important to the design of warp-knitted spacer fabrics as cushioning materials for human body protection. To better interpret the potential deformation mechanism of the fabric, both the compression loaddisplacement curve obtained under the test condition (sample size: 10 cm × 10 cm; boundary condition: gluing to the compression platens) and the pictures of the fabric structure taken at different compression stages are used for the discussion.
For convenience's sake, the load-displacement curve of the spacer fabric shown in Figure 6 is reproduced from the stress-strain curve of Sample 2 shown in Figure 3(b) . To facilitate the identification of the compression mechanism of the fabric, the compression process is divided into four different stages, i.e., initial stage (stage I), linearly elastic stage (stage II), plateau stage (stage III) and densification stage (stage IV) according to the change of the curve slopes [2] . The cross-sectional microscopic pictures of the spacer fabric with different displacements were captured with a light microscopy (LEICA M165 C), and are respectively shown in Figure 7 for the initial and linearly elastic stages, Figure 8 for the plateau stage and Figure 9 for the densification stage. In the initial stage (Stage I), a lower slope is observed due to the compression of the loose outer layers and their ineffective constraints on the spacer monofilaments ( Figure 1) . As each loose multifilament stitch around a spacer monofilament cannot tightly constrain the spacer monofilament in this stage, slight slipping of the monofilament stitches embed in the outer layers can occur. Besides, the spacer monofilaments undertake postbuckling freely due to the existence of voids in the outer fabric layers. However, when the fabric is further compressed into linearly elastic stage (Stage II), the compressed multifilament stitches are changed to a fastened structure. The spacer monofilaments start to contact the stitches of the outer layers. In this case, additional constraints are created at the contacting points between the spacer monofilaments and outer layers, which make the spacer monofilaments not freely post-buckled. As shown in Figure 7 , the postbuckling of spacer monofilaments at a larger scale with the additional constraints at the contacting points leads to a rapid increase of the compression force, i.e., a stiffer mechanical behavior of the fabric. http://www.jeffjournal.org Volume 9, Issue 2 -2014 A nearly constant force is obtained in the plateau stage (stage III). The deformation mechanism of the fabric in this stage is very complicated, which could be affected by postbuckling, torsion, shear, rotation and contacts of the spacer monofilaments among themselves and with the outer layers. By observing the pictures of the fabric taken from the walewise direction as shown in Figure 8(a) , it can be clearly seen that torsion, shear and rotation of the initially vertical spacer monofilaments occur, which lead to the formation of three different states of the spacer monofilaments, i.e., left-oblique, right-oblique and vertical. These deformations imply that all the initially vertical spacer monofilaments do not behave identically when compressed in the plateau stage. This phenomenon might be attributed to the different constraints applied by the multifilament stitches to the endpoints of the spacer monofilaments and different initially spatial shapes of the vertical spacer monofilaments. Another possible reason is the contacts among the spacer monofilaments which could affect their postbuckling behavior. From the pictures of the fabric taken from the coursewise direction (Figure 8(b) ), which clearly demonstrate the detailed postbuckling process of the spacer monofilaments within the plateau stage, it can be seen that line-to-surface contacts are formed between the spacer monofilaments and the wavy internal surface of the outer fabric layers. By splitting a spacer monofilament into three sections, i.e., two end sections and a middle section, it can be found that with the increase of displacement in the plateau stage, the lengths of the two end sections contacted with the outer fabric layers are increased and the length of the middle section without contact is shortened. Therefore, the effective lengths of the spacer monofilaments in postbuckling decrease. As a result, the total reaction force of the spacer monofilaments increases according to the Euler-Bernoulli beam theory. On the other hand, the torsional and shear deformations of the spacer monofilaments as shown in Figure 8(a) can cause a decrease of the total reaction force. Therefore, a balance of both the effects maintains a nearly constant overall reaction force of the fabric at this stage of deformation.
The compression in the densification stage (stage IV) shows a rapid increase of the force due to the swift densification of the entire fabric. As shown in Figure  9 , in this stage, the spacer monofilaments within the fabric collapse and contact one another, and therefore really high stiffness is obtained.
CONCLUSION
The effects of test boundary condition and sample size on the compression stress-strain characteristic of a typical spacer fabric developed as a cushioning material for human body protection were investigated. The deformation mechanism of the fabric was identified based on the analyses of the loaddisplacement curve obtained under a given test condition and the pictures of the fabric structure taken at different compression stages. According to the study, the following conclusions can be obtained:
• The compression test boundary condition only affects the deformation behavior of the fabric in the plateau stage. Some slight fluctuations exist in the compression stress-strain curves when the fabric samples are not glued to the compression platens due to occurrence of shear and slippage of the outer layers of the fabric. http://www.jeffjournal.org Volume 9, Issue 2 -2014
• The sample size has an obvious effect on the compression behavior of the fabric, especially in the walewise direction. However, the effect of the fabric size in the coursewise direction is no longer observed when the sample size in the walewise direction is over 10 cm. The samples in a size of 10 cm × 10 cm can have stable compression test results.
• The compression behavior of the spacer fabric can be split into four different stages of the deformation. A slower increase of total compression force in the initial stage is due to the loose structure of the fabric, and a linear increase of total compression force in the elastic stage is due to additional constraints by the outer layers on the endpoints of spacer monofilaments. The long plateau stage is attributed to a combined effect of the shortened effective lengths of spacer monofilaments with their torsion, shear and rotation deformations in postbuckling. A rapidly increasing of total compression force in the final stage comes from the collapse and contacts of spacer monofilaments.
